P23k is a monocot-unique protein that is highly expressed in the scutellum of germinating barley seed. Previous expression analyses suggested that P23k is involved in sugar translocation and/or sugar metabolism. However, the role of P23k in barley physiology remains unclear. Here, to elucidate its physiological function, BSMV-based virus-induced gene silencing (VIGS) of P23k in barley leaves was performed. Expression and localization analyses of P23k mRNA in barley leaves showed up-regulation of P23k transcript with increased photosynthetic activity and the localization of these transcripts to the vascular bundles and sclerenchyma, where secondary wall formation is most active. VIGS of the P23k gene led to abnormal leaf development, asymmetric orientation of main veins, and cracked leaf edges caused by mechanical weakness. In addition, histochemical analyses indicated that the distribution of P23k in leaves coincides with the distribution of cell wall polysaccharides. Considering these results together, it is proposed that P23k is involved in the synthesis of cell wall polysaccharides and contributes to secondary wall formation in barley leaves.
Introduction
Sugar, a major photosynthetic product that is generated by the process of polysaccharide synthesis, is a main component of plant cell walls. Accordingly, the growth and development of plants is heavily dependent on sugar metabolism and transport. Hence, a better understanding of the molecular mechanisms involved in both sugar metabolism and transport is essential to increase crop yields. Much of the sugar-related machinery, including the sucrose transporter (OsSUT; Hirose et al., 1997) , hexose transporter (OsMST; Toyohuku et al., 2000) , sucrose synthase (RSuS; Huang et al., 1996) , cellulose synthase (OsCesA; Holland et al., 2000) , and cell-wall invertase (OsCIN; Cho et al., 2005) , were identified and analysed in rice, a major agricultural crop. However, the detailed molecular mechanisms of sugar metabolism and transport in crops remain unclear.
The expression pattern of a monocot-unique 23 kDa protein, P23k, has been identified and analysed in barley (Hordeum vulgare L. cv. Minorimugi). Expression analyses showed that P23k is expressed in the presence of the starch degradation products glucose and sucrose, and is localized to the scutellum and the vascular bundle where sugar transport is active. Based on these results, it was proposed that P23k plays a role in sugar translocation (Kidou et al., 2006) . Furthermore, it was shown that JIP-23, a paralogue of P23k that was identified as a jasmonic acid-and methyl ester-induced protein (Andresen et al., 1992) , is highly expressed in developing barley seeds (Oikawa et al., 2007) . Interestingly, it was also localized to sugar transport-related tissues: the vascular bundle and the aleurone layer in developing seeds. Hence, it can be considered that both paralogous proteins, P23k and JIP-23, are involved in sugar translocation in barley, and that each protein functions at different developmental stages. However, analyses of these proteins have been limited to their expression and localization during germination and ripening. To explore a possible direct relationship between P23k and sugar metabolism, a loss of function analysis of P23k in photosynthesizing leaves is required.
In plants, the development of stable transformants with antisense or RNAi methods is an established methodology to address the functions of unknown genes. However, it is difficult to make transformants using standard methods in monocots, such as rice and barley, because the regeneration and selection of transformants takes a considerable amount of time. As an alternative approach, virus-induced gene silencing (VIGS) has recently been developed as an mRNA suppression technique to characterize the function of plant genes (Burch-Smith et al., 2004) . It does not require the generation of stable transformants and allows the characterization of phenotypes that might otherwise be lethal in stable transformants. Therefore, VIGS is particularly promising as a tool for the study of genes with transient regulatory roles. In dicots, VIGS using potato virus X (PVX)-and tobacco mosaic virus (TMV)-based vectors has been established and used for the analysis of genes involved in development (Burton et al., 2000; Ratcliff et al., 2001; Liu et al., 2004) . On the other hand, barley striped mosaic virus (BSMV)-based vectors were used for VIGS in monocots, and some silencing of pathogen-related genes was reported in barley and wheat (Holzberg et al., 2002; Hein et al., 2005; Scofield et al., 2005) . However, to date, no study of monocots has shown the significance of VIGS in studying genes related to plant morphology.
Here, for the first time, the efficiency and robustness of the BSMV-based VIGS system for studying plant morphology by silencing P23k is demonstrated. VIGS of the P23k gene resulted in a change in leaf morphology leading to strong asymmetries and cracks. Combining the loss of function and localization data, it is also proposed that P23k is involved in cell wall polysaccharide synthesis for secondary cell wall formation.
Materials and methods
Plant material and growth conditions Barley (Hordeum vulgare L. cv. Minorimugi) seeds were surfacesterilized for 30 min with 2% (w/v) NaClO and then germinated inside wet towels in the dark at 25°C. The germinated seeds were transplanted into a 1/5 Hoagland No. 2 liquid medium (pH 5.5) and grown in a greenhouse.
Construction of p c.P23k-ir and inoculation
The BSMV cRNA-based vector used in this study was described previously by Holzberg et al. (2002) . For the construction of pc.P23k-ir, two P23k cDNA fragments were amplified from p23k-1 cDNA (GenBank accession number AB251338) using the following primer combinations (PacI-P23k-F: 5#-CCTTAATTAA-GCTTGTGTGGCGAAGACG-3# and EcoRI-P23k-R: 5#-GGAAT-TCTAGTAGACGAAACATATCCAT-3#; or NotI-P23k-F: 5#-TAAGAATGCGGCCGCTTGTGTGGCGAAGAC-3#; and EcoRIP23k-R). Following subsequent purification and EcoRI digestion, the two PCR products were ligated. These were then digested with PacI and NotI and inserted between the PacI and NotI sites of pc.bPDS4-as (Holzberg et al., 2002) . pc.FP-s and pc.bPDS4-as (Holzberg et al., 2002) were used as controls of BSMV infection. Infectious BSMV RNAs were prepared from each clone by in vitro transcription using a high yield capped RNA transcription kit (mMESSAGE mMACHINE, Ambion). Two microlitres of each transcript, which included the BSMV RNAs a, b, and genetically modified c, was combined with 36 ll of FES buffer (Pogue et al., 1998) and inoculated into the second developed leaf of barley plants at the three-or four-leaf stage.
RNA analysis by RT-PCR and in situ hybridization
To generate first-strand cDNA, 1 lg of total RNA was annealed with 2 lM of oligo-dT in a 20 ll reaction mixture, and extended using Moloney murine leukaemia virus (M-MLV) reverse transcriptase (TOYOBO) at 42°C for 1 h. To confirm the successful inoculation of BSMV RNAs, 10 lM of random hexamers were used instead of oligo-dT. One microlitre of each RT reaction was used as the template in 20 ll PCR reactions containing 10 mM Tris-HCl (pH 8.0), 50 mM KCl, 1.5 mM MgCl 2 , 4 mM dNTPs, 0.2 units of Ex Taq polymerase (TAKARA), and 1 lM primers. The primers used for gene amplification were as follows: P23k (5#-GGTACGGTAACGGAATAGC-3# and 5#-TCGCCACACAA-GCCTTTGATGTT-3#); JIP-23 (5#-GGTACGGTAACGGAATA-GC-3# and 5#-AACTACACAAGCGTACATGGACG-3#); EF-1a (5#-TTCAACGTCAAGAACGTGGCT-3# and 5#-ACACAAATA-ACCCAAGCGACTA-3#); BSMV (5#-GTGGTACCTTAACTA-CAAGTAC-3# and 5#-CGATATGAGAAAGTTTCAGCAC-3#). Thermal cycling was conducted as follows: denaturing at 94°C for 1 min followed by 30 cycles of denaturing at 94°C for 1 min, annealing at 60°C for 1 min and extension at 72°C for 1 min. The resulting products were separated by 2% agarose gel electrophoresis and visualized by EtBr staining. The specificity of the primers was tested by PCR amplification of the corresponding cDNA clone. For in situ hybridization, selected barley tissues were fixed for 5 h at room temperature in a fixing solution (3.7% formaldehyde, 5% acetic acid, 50% ethanol). Fixed tissues were dehydrated in a series of ethanol and xylene solutions and embedded in paraffin (Paraplast Plus, Sigma). Embedded tissues were then sectioned at a thickness of 7 lm and placed on PLL-coated microslide glass (Matsunami). Sections were deparaffinized with xylene and rehydrated through a graded ethanol series. They were subsequently pretreated with proteinase K (Boehringer Mannheim) at 37°C for 30 min, dehydrated in a graded ethanol series, and dried under vacuum for 1 h. For the preparation of probes for in situ hybridization, a p23k-1 cDNA fragment (53-551) was subcloned into a pSPT18 plasmid vector. P23k sense and antisense probes were generated by in vitro transcription using a DIG RNA labelling kit (Boehringer Mannheim). Hybridization signals were detected using a DIG nucleic acid detection kit (Boehringer Mannheim).
Protein analysis by immunoblot and immunohistochemical staining
For immunoblot analysis, total proteins were extracted using a buffer consisting of 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 0.5 mM EDTA, 5 mM DTT, 1 mM PMSF, and 5% glycerol, and then subjected to 12% (w/v) SDS-PAGE following the procedure of Laemmli (1970) . After transferring to a PVDF membrane, immunoblot analyses with an antibody against a peptide corresponding to the N-terminal region of P23k (MASGVFGTPISEKTVIATGE) were performed according to the manufacturer's (Amersham Pharmacia) instructions. Total protein was detected using a Coomassie Brilliant Blue stain as a control. For immunohistochemical analysis, sections were prepared from embedded mature barley leaves. They were deparafinized with xylene and rehydrated through a graded ethanol series, and then treated with blocking buffer (13 PBS, 0.2% Tween 20, 0.1% NaN 3 , 1% BSA) for 1 h at room temperature and washed five times with 13 PBS. After washing, sections were incubated in the anti-P23k antibody for 2 h, washed with 13 PBS, and then incubated in secondary antibody, anti-rabbit IgG alexa 546 (Funakoshi), for 1 h at room temperature. Finally, sections were mounted in a solution containing 1 M Tris-HCl (pH 9.5), 50% glycerol, 0.2% NaN 3 , and 1% phenylenediamine, and observed by fluorescence microscopy. As a negative control, sections were treated with pre-immune serum instead of the anti-P23k antibody, and processed as above. For histochemical localization of polysaccharides, the same embedded sections used for immunohistochemical analysis were stained with a 0.005% aqueous solution of calcofluor white (fluorescent brightener 28; Sigma) or a 0.5% aqueous solution of toluidine blue O, and visualized with a fluorescent microscope (Olympus, Japan).
Results

Expression and localization of P23k mRNA in leaves
The expression and localization of P23k mRNA were examined in photosynthesizing barley leaves, in which sugar metabolism and sugar transport are active. Figure 1 shows the result of P23k gene expression in young barley leaves at three different developmental stages: first-leaf stage (seedling), third-leaf stage, and seventh-leaf stage. Also the gene expression of JIP-23, a paralogous protein of P23k, was analysed. JIP-23 gene expression was weakly detected in leaves at the first-leaf stage, but was not detected in leaves at the third-and seventh-leaf stages. By contrast, the level of P23k gene expression in leaves was higher at the third-and seventh-leaf stages than at the first-leaf stage. This result indicated that expression of the P23k gene is up-regulated with growth, depending on the photosynthetic ability of the leaves.
To examine the localization of P23k mRNA in leaves, in situ hybridization was performed. The transverse section of developing (elongating) young leaves showed that P23k mRNA is mainly localized to vascular bundles of the main vein ( Fig. 2A) . However, in developed mature leaves, P23k mRNA is detected in the sclerenchyma located above the main vein (Fig. 2B ) and leaf edge (Fig. 2C) . The vascular bundles and sclerenchyma, where P23k mRNA was observed, are known to be the organs in which secondary wall formation is active. These results indicate that, in addition to sugar transport, P23k may also be involved in sugar metabolism for secondary wall formation.
Virus-induced silencing of P23k and its association with morphological changes in leaves
To examine the requirement for P23k in the vascular bundles and sclerenchyma, an attempt was made to downregulate P23k gene expression by BSMV-based VIGS. Figure 3 shows a scheme of BSMV genomes (a, b, and c) and the three modified c genomes (pc.P23k-ir, pc.bPDS4-as, and pc.GFP-s) used in the present study. Lacomme (2003) has reported that a short inverted repeat cDNA fragment is much more effective at achieving gene silencing than standard sense and antisense cDNA fragments. Therefore, to suppress P23k mRNA effectively, a 60 bp inverted repeat cDNA fragment of P23k UTR, pc.P23k-ir, was used (Fig. 3) . The specificity of the 60 bp sequence was confirmed by the absence of this sequence in rice genome by BLAST search, and by obtaining 60 bp PCR and RT-PCR products using barley tissue. As visual positive and negative controls, pc.bPDS4-as and pc.GFP-s were used as described earlier (Holzberg et al., 2002) .
To gain a better insight into the level of P23k gene silencing, the expression of P23k in leaves was analysed at both the transcriptional and translational levels. RT-PCR analyses revealed reduced expression of P23k in BSMV.cP23k-ir-infected leaves compared with mock leaves (Fig. 4A) . The infection of leaves with BSMV.cP23k-ir was confirmed by amplification of the BSMV c gene in the viral vector. Furthermore, immunoblotting using an anti-P23k antibody did not detect any P23k protein in BSMV.cP23k-ir-infected leaves (Fig. 4B) . Taken together, these results indicate that VIGS of P23k VIGS of P23k gene 2619 triggered by BSMV.cP23k-ir leads to the complete downregulation of P23k expression. Figure 5 shows the phenotypes of each BSMV-based VIGS response. Interestingly, strong asymmetries and many cracks were observed specifically in leaves infected with BSMV including cRNA from pc.P23k-ir (BSMV. cP23k-ir) (Fig. 5A) . These phenotypes were comparatively strong at the bottom side of the leaves in several developmental stages (from the third-to the seventh-leaf stages), and found to be fairly stable over the duration of the experiment (approximately 7-8 weeks after inoculation). The same phenotypes were observed in leaves when three antisense cDNA fragments within P23k ORF were used in VIGS constructs (data not shown). By contrast, Fig. 3 . Schematic representation of BSMV genome organization and BSMV constructs engineered to express inverted repeat P23k, PDS in an anti-sense orientation, and GFP in a sense orientation. The 60 bp sequence specific to barley P23k-1 UTR was chosen for the inverted repeat of P23k. The genomic organization of the BSMV RNAs a, b, and c was reported by Holzberg et al. (2002) . RNAb is a ba (coat protein) deletion mutation. RT-PCR analysis by primers, for the amplification within P23k ORF outside the selected fragment for VIGS, was used for the detection of P23k endogenous mRNA. Western-blot analysis using an anti-P23k antibody was performed to detect P23k. The amounts of EF-1a and total protein were analysed as controls. These experiments were repeated three times with independent groups of leaves.
2620 Oikawa et al. mock leaves and other control leaves, which were infected with BSMV including cRNA from pc.bPDS4-as (BSMV.cPDS-as) or pc.GFP-s (BSMV.cGFP-s), showed no abnormalities (Fig. 5B-D) . Taken together, these results suggest that the leaf morphological abnormalities observed in the VIGS lines are due to the silencing of P23k.
Asymmetry and crack assessment in BSMV.cP23k-ir-infected leaves BSMV.cP23k-ir-infected leaves showed asymmetric organ development. It was speculated that these asymmetries were triggered by the abnormal position of the main vein in a leaf. To confirm this hypothesis, a statistical analysis of leaf asymmetry was performed. Asymmetry was defined by the ratio of the lengths from the main vein to each leaf edge. The results were plotted on a graph for a variety of distances from the bottom of the leaf (Fig. 6) . In BSMV.cGFP-s-infected leaves the ratio was one for the length of the leaf, as shown by the straight line. By contrast, much larger ratios, suggesting greater asymmetry, were seen in BSMV.cP23k-ir infected leaves, and the ratio varied along the length of the leaf as shown by the wavy line, being higher at the bottom of the leaf.
Also a statistical analysis of crack numbers with width was performed in BSMV.cP23k-ir-infected leaves. Five individual leaves were used for the analysis. An average of eight cracks was observed per leaf (Fig. 7A) . On the other hand, the width of each crack was 2 cm on average (Fig. 7B) . The number of cracks and their width varied greatly among these individual leaves. Thus, it was speculated that there might be a relationship between the number of cracks and their width, and a graph was constructed in which the longitudinal axis represents the number of cracks and the horizontal axis represents the width. As expected, an inverse correlation was observed, suggesting that cracks are caused by mechanical weakness (Fig. 7C) .
Localization of P23k and cell wall polysaccharide
The effect of down-regulation of P23k expression on leaf vascular formation and the mechanical strength of leaves prompted the hypothesis that P23k is involved in the synthesis of cell wall polysaccharides for secondary cell wall formation. This hypothesis was tested by examining whether the localization of polysaccharides correlates with the localization of P23k. Transverse sections of elongating leaves were used for histochemical analysis. Immunohistochemistry with preimmune serum resulted in no signal, as shown in Fig. 8A , while P23k was apparently detected in the central part of the vascular tissue using an anti-P23k antibody (Fig. 8B) . Cell wall polysaccharides were also detected in the central part of the vascular tissue by using calcofluor white, which stains cellulose, callose, and other b-glucans (Fig. 8C) . Merged images showed that P23k is localized to the central part of vascular bundles, where VIGS of P23k gene 2621 cell wall polysaccharide is abundant (Fig. 8D) . The presence of P23k and polysaccharides in vascular tissue, along with the abnormal leaf morphology induced by P23k gene silencing, suggest that P23k may contribute to the synthesis of polysaccharides for secondary wall formation.
Discussion
To examine the involvement of P23k in sugar translocation and/or metabolism, expression analysis of P23k was performed in photosynthetic leaves. RT-PCR analysis showed that the up-regulation of P23k mRNA was correlated with a rise in photosynthetic ability, and therefore sugar supply, in leaves (Fig. 1) . This result, together with the up-regulation of P23k mRNA by sugars in germinating seeds (Kidou et al., 2006) , suggests that P23k plays a role in sugar translocation and/or metabolism.
Sucrose transporters that contribute to sugar translocation are specifically expressed in the vascular bundles of rice (Matsukura et al., 2000) and wheat (Aoki et al., 2004) . If P23k is directly involved in sugar transport, as well as these transporters, its mRNA should be observed in vascular bundles and down-regulation of P23k should lead to abnormal growth and development. Indeed in situ hybridization analysis (Fig. 2) showed that P23k mRNA is specifically localized to the vascular bundles of developing young leaves and to the sclerenchyma of developed mature leaves. Moreover, secondary wall formation is active in both the vascular bundle and the sclerenchyma. Based on this tissue-specific P23k expression, it was speculated that P23k may also be involved in sugar metabolism for secondary wall formation, rather than in sugar translocation only.
The necessity of primary and secondary cell wall syntheses for plant morphogenesis and mechanical strength has been revealed by mutant analyses using Arabidopsis and rice. The rsw1 Arabidopsis mutant of AtCesA1, a cellulose synthase gene involved in primary cell wall synthesis, shows reduced cellulose synthesis, widespread morphological abnormalities and the accumulation of non-crystalline b-1,4-glucan (Arioli et al., 1998) . On the other hand, the irx3 Arabidopsis mutant of AtCesA7, which is involved in secondary cell wall synthesis, shows collapsed xylem cells due to a reduction in cellulose content and a defect in secondary cell wall formation (Taylor et al., 1999) . In monocot rice, mutations in three CesA genes, OsCesA 4, 7, and 9, which are involved in cellulose synthesis in secondary walls, cause a reduction in cellulose content in the stem, a thinner cell wall in the cortical fibre cells around vascular tissues, and a decrease in mechanical strength; however, the phenotype of these mutants does not include collapsed xylem cells as seen in the irx3 Arabidopsis mutant (Tanaka et al., 2003) . Moreover, the rice mutant bc1 exhibits a similar phenotype to the above mutants, and the causative gene BC1, which encodes a COBRA-like protein, has been shown to be expressed in the vascular bundles and sclerenchyma where secondary cell wall synthesis is active (Li et al., 2003) . Consistent with these results, barley with a loss-of function of P23k induced by BSMV-based VIGS also showed morphological abnormalities such as strong asymmetries and cracks in leaves (Figs 5, 6, 7) . The observed change in the asymmetry ratio in the younger part of P23k VIGS leaves in Fig. 6 suggests that P23k plays a role in leaf development. This change in the leaves coincides with the expression pattern of P23k, which is found to be expressed in young vascular tissue of developing leaves ( Fig. 2A) . Similarly, the P23k expression in the sclerenchyma tissue of developed leaves coincides with the morphological change observed at the leaf edge (Fig. 2C) . Taken together, these results indicate that P23k plays an important role in regulating leaf development and morphology.
Another explanation for this changed leaf morphology may be an altered mechanical strength of leaves. Indeed, statistical analysis of the phenotype induced by BSMVbased VIGS of P23k showed that leaf asymmetry is triggered by an abnormal orientation of the main vascular bundle, probably via transient mechanical weakness during leaf development (Fig. 6) , and that cracks in the leaf edge are triggered by mechanical weakness in the sclerenchyma (Fig. 7) . These results suggest the involvement of P23k in secondary wall formation in monocots.
The scutellum of germinating barley seeds, in which P23k is abundant, is active in polysaccharide synthesis, and the expression of P23k in the scutellum is highly dependent on the supply of glucose or sucrose, both of which are substrates for polysaccharide synthesis (Kidou et al., 2006) . In addition, a high correlation was indicated in the localization of P23k and polysaccharides in leaves, as shown in Fig. 8 , and a specific decrease in the amount of polysaccharides in BSMV.cP23k-ir infected stems has been confirmed by calcofluor white staining (A Oikawa et al., unpublished data,) . Taken together, the present results suggest that P23k contributes to secondary wall formation via cell wall polysaccharide synthesis.
Based on the uniqueness of P23k protein to monocot cereals (Kidou et al., 2006) , it is speculated that P23k plays a role in polysaccharide b-(1,3;1,4)-glucan synthesis, which is unique to monocot cereals. Indeed, JIP-23, a paralogous protein of P23k, is localized at the site of b-(1,3;1,4)-glucan synthesis in developing barley seeds . The timing of JIP-23 expression and b-(1,3;1,4)-glucan synthesis also correspond. These data suggest the involvement of P23k and JIP-23 in barley b-(1,3;1,4)-glucan synthesis. The high homology between 
VIGS of P23k gene 2623
P23k and JIP-23 (88% similarity at amino acid level) raises the possibility that P23k VIGS may also induce the silencing of JIP-23. However, the 60 bp sequence used to induce the silencing of P23k is specific only to barley P23k UTR, and was not present in the JIP-23 nucleotide sequence. Moreover, RT-PCR analysis in various developmental stages in Fig. 1 indicates that JIP-23 expresses only in the first-leaf stage but not in the mature leaves such as those at the fifth-to seventh-leaf stages chosen to perform VIGS for P23k. Hoson (2002) reported that alterations in the amount of b-(1,3;1,4)-glucan in cell walls mainly affect cell elongation. The leaf abnormality observed following VIGS of P23k might be influenced by changes in the amount of b-(1,3;1,4)-glucan in cell walls in leaves. In fact, there are two lines of evidence supporting this hypothesis: (i) in the stem of P23k VIGS plants, a decrease in the intensity of the fluorescence signal in calcofluor white staining, which stains the polysaccharides [cellulose, callose, b-(1,3;1,4)-glucan] was observed; (ii) a specific reduction of barley b-(1,3;1,4)-glucan synthase gene (HvCslF; Burton et al., 2006) expression in the same tissue was observed, while the gene expressions for cellulose synthase and callose synthase were unaffected. These results suggest that P23k is possibly involved in b-(1,3;1,4)-glucan synthesis (A Oikawa et al., unpublished data) .
With the aid of the recently developed technique VIGS, it has been demonstrated that monocot-unique P23k is involved in regulating the morphogenesis and mechanical strength of leaves. In addition, the localization study revealed that P23k is co-localized with cell wall polysaccharides in vascular bundles, indicating that P23k contributes to the synthesis of secondary cell walls. As far as is known, this is the first report to demonstrate the efficiency of a BSMV-based VIGS system to study morphology-related genes in monocots. Further studies using polysaccharide-abundant tissues such as stem and panicle will be required to clarify the mechanism by which P23k regulates secondary cell wall synthesis in barley.
